Activation of the cell surface CD95 receptor triggers a cascade of signaling events, including assembly of the death-inducing signaling complex (DISC), that culminate in cellular apoptosis. In this study, we demonstrate a general requirement of receptor internalization for CD95 ligand-mediated DISC amplification, caspase activation and apoptosis in type I cells. Recruitment of DISC components to the activated receptor predominantly occurs after the receptor has moved into an endosomal compartment and blockade of CD95 internalization impairs DISC formation and apoptosis. In contrast, CD95 ligand stimulation of cells unable to internalize CD95 results in activation of proliferative Erk and NF-jB signaling pathways. Hence, the subcellular localization and internalization pathways of CD95 play important roles in controlling activation of distinct signaling cascades to determine divergent cellular fates.
Introduction
Surface receptors transduce signals derived from the extracellular milieu to evoke a diverse range of cellular responses. This process is initiated upon ligand binding and transduced through the spatial and temporal regulation of physical interactions of receptors with intracellular signaling molecules. Gain-or loss-of function mutants alter the normal balance of cellular homeostasis that, in turn, can induce oncogenesis and/or developmental arrest. For many receptors, triggering by ligand results in receptor clustering that is followed by downregulation of activated surface receptors through endocytosis and subsequent lysosomal degradation (Ceresa and Schmid, 2000) . These latter steps typically attenuate signaling via removal of activated receptor complexes. Recent studies, however, indicate that receptor internalization can target activated receptors to the endocytic compartment, and contributes to both the intensity of signaling and assembly of signaling complexes (Miaczynska et al, 2004b) .
CD95 (CD95/APO-1/TNFRSF6) is a prototypic death receptor belonging to the tumor necrosis factor (TNF) receptor superfamily (Li-Weber and Krammer, 2003) . Interactions of CD95 with its ligand, CD95L (CD178/FasL/TNSF6), play a pivotal role in the regulation of peripheral tolerance and lymphoid homeostasis. Natural mutations within CD95 and CD95L in humans and mice are associated with the development of autoimmune lymphoproliferative syndromes (Nagata, 1999) . CD95 is expressed on the surface of cells as preassociated homotrimers and, upon CD95L binding, undergoes a conformational change to reveal its cytoplasmic death domain (DD) to favor homotypic interactions with other DDcontaining proteins (Itoh and Nagata, 1993; Boldin et al, 1995; Chinnaiyan et al, 1995; Siegel et al, 2000) . Additional interactions mediated through the N-terminal 'death effector domain' (DED) of FADD with DED domains encoded within procaspase-8 and -10 assemble the death-inducing signaling complex (DISC) (Peter and Krammer, 2003) . Efficient DISC assembly provides a molecular scaffold concentrating cysteine proteases to induce autoproteolytic cleavage of caspase-8 and, in turn, subsequent activation of the apoptotic pathway.
CD95-mediated apoptosis is transduced through two general modes Barnhart et al, 2003) . Type I cells exhibit rapid receptor internalization and form large amounts of DISC, while type II cells are more dependent upon the mitochondrial amplification pathway and exhibit quantitatively less and slower DISC assembly. We demonstrate here that CD95 internalization in type I cells plays a previously unrecognized requisite role in CD95L-induced activation of apoptotic pathways. In contrast, engagement of CD95 without receptor internalization results in activation of nonapoptotic signaling pathways. Hence, the subcellular compartment of CD95 signaling activates divergent biochemical pathways to promote distinct survival or apoptotic cellular fates.
Results
Expression of a plasma membrane localized PIP 2 -specific 5-phosphatase modulates PIP 2 levels and inhibits CD95L-induced CD95 internalization and apoptosis We have previously demonstrated that disruption of filamentous actin inhibits CD95 internalization, a process that normally proceeds through a clathrin-mediated endocytic compartment, and renders cells more resistant to CD95-mediated apoptosis (Algeciras-Schimnich et al, 2002; Algeciras-Schimnich and . As cellular levels of PIP 2 (PtdIns(4,5)P 2 ) have been shown to regulate clathrinmediated endocytosis (Martin, 2001) , we employed an enzymatic approach using the Saccharomyces cerevisiae Inp54 5-phosphatase (INP54p) that hydrolyzes PIP 2 to PI(4)P (Stolz et al, 1998) . Targeting of a green fluorescent protein (GFP)-INP54p fusion protein to the plasma membrane (PM) was achieved by attaching a myristoylation/palmitoylation sequence from the Fyn protein tyrosine kinase (ShenoyScaria et al, 1993; Raucher et al, 2000) (Supplementary Figure 1A , middle panels). Expression of FynC-GFP-INP54p reduced PIP 2 levels in 498% of transfected GFP þ , but not of GFP À , cells (Supplementary Figure 1B, middle panel) . In contrast, expression of a mutant in which Cys 3 and 6, important for palmitoylation and PM localization, were mutated to Ser (designated as FynS-GFP-INP54p) resulted in a cytoplasmic distribution (Supplementary Figure 1A , right panels) and lesser effects on PIP 2 levels (Supplementary Figure 1B, Figure 1D) . Similar inhibition of CD95L-induced apoptosis was also observed in type I SKW6.4 cells (Supplementary Figure 2A) . In contrast, expression of FynC-GFP-INP54p did not affect CD95L-mediated apoptosis in type II Jurkat T cells (Supplementary Figure 2B) . FynC-GFP-INP54p expression did not induce a general defect in the apoptotic machinery in BJAB cells, as etoposide-induced apoptosis, which acts through a mitochondria-mediated intrinsic pathway (Shimizu et al, 1996) , was unaffected (Supplementary Figure 2C) . In addition, apoptosis-resistant FynC-GFP-INP54p þ cells, following CD95L activation, retained normal cellular growth and were grossly indistinguishable from normal BJAB cells (data not shown).
To define the biochemical basis by which the CD95-mediated apoptosis was affected by FynC-GFP-INP54p, BJAB cells were stimulated with Flag-CD95L and activation of caspase-8 and -3 measured by immunoblotting for their self-cleavage products. While treatment of BJAB cells with Flag-CD95L resulted in a time dependent cleavage of both caspases ( Figure 1A, lanes 1-4) Figure 3A) , we assessed the effects of FynC-GFP-INP54p on CD95 clustering. Cells were incubated with Flag-CD95L at 41C, activation was induced by incubation at 371C, and localization of CD95 analyzed by deconvolution microscopy. In wt BJAB cells (GFP À cells), CD95L induced small 'patch-like' receptor clusters at the PM within 5 min after stimulation ( Figure 1C , panels 4-6, left cell). Expression of FynC-GFP-INP54p did not affect the ability of CD95L to induce CD95 clustering at the PM 5 min following activation ( Figure 1C , panels 4-6, GFP þ cells). By 15 and 30 min, the clustered CD95 in GFP À cells had internalized to intracellular compartments ( Figure 1C , panels 7-12, left cell). In contrast, CD95 remained clustered at the PM for at least 30 min in FynC-GFP-INP54p þ cells without any significant internalization following CD95L stimulation ( Figure 1C , panels 7-12, right cell). These results were further supported by flow-cytometric studies. In BJAB cells transfected with control FynC-GFP, CD95 downregulation was detected within 15 min following CD95L activation ( Figure 1D, Figure 2D) .
Membrane-bound CD95L (mCD95L)-induced apoptosis requires CD95 internalization
Our data so far suggested that CD95-mediated apoptosis in response to a soluble form of CD95L (sCD95L) stimulation requires receptor internalization. However, it is widely assumed that the physiologic stimulus for CD95 is more likely to be mCD95L. We therefore incubated murine CT26 cells expressing human mCD95L (CT26mCD95L) with SKW6.4 cells. No soluble CD95L could be detected in CT26mCD95L cells or concentrated supernatant derived from cultures of these cells (Supplementary Figure 4B and data not shown). In SKW6.4 cells, CD95 was efficiently internalized when coincubated with CT26mCD95L, but not in untreated SKW6.4 cells ( Figure 2A and Supplementary Figure 4A and B). Correspondingly, CT26mCD95L cells induced a time-dependent processing of procaspase-8 (Supplementary Figure 4C) . When SKW6.4 cells were overlaid on adherent CT26 cells, CD95 internalized in SKW6.4 cells contacting CT26mCD95L, but not control CT26, cells ( Figure 2B , bottom panels). These data suggest that mCD95L induces internalization of CD95 as much as sCD95L.
We have previously shown that unmodified sCD95L does not induce CD95 apoptosis in type I cells (AlgecirasSchimnich et al, 2003) . However, to exclude that the internalization and apoptosis observed in cells exposed to mCD95L were not due to very small amounts of secreted sCD95L, we expressed a mutant form of human mCD95L (designated as DA4) that cannot be cleaved from the membrane surface (Tanaka et al, 1998) on the surface of chicken DT40 B cells (Supplementary Figure 3B) . Deconvolution microscopy confirmed that CD95 internalized into the cytoplasmic compartment when incubated with mCD95L(DA4)-expressing DT40 cells ( Figure 2C, right Figure 5A) . Finally, CD95 activation of BJAB cells using beads covalently coupled with an anti-CD95 mAb or Flag-CD95L was also inhibited by expression of FynC-GFP-INP54p (Supplementary Figure 5B and data not shown). In contrast to the agonistic anti-CD95 mAbs, treatment of H9 cells with an antagonistic anti-CD95 mAb (ZB4) failed to induce CD95 internalization (Supplementary Figure  5C) . Hence, independent of the methodology of stimulation, expression of FynC-GFP-INP54p inhibits CD95 internalization and apoptosis. Moreover, apoptosis is dependent on internalization of CD95 in cells treated with sCD95L or mCD95L.
Clathrin-mediated endocytosis is required for CD95-induced apoptosis
Our data suggested that modulation of PIP 2 levels through INP54p rendered cells resistant to CD95-mediated apoptosis by blocking internalization of CD95. However, modulation of PIP 2 could result in global cellular changes that could cause cells to become resistant to CD95-mediated apoptosis by mechanisms other than receptor internalization. CD95 has been suggested to internalize through a clathrin-mediated endocytic pathway . To specifically interfere with this form of receptor internalization, we targeted expression of the AP-2 adaptor complex and clathrin heavy chain (CHC) proteins using RNA interference. Transfection of siRNAs specific for CHC or AP-2(a7m 2 ) adaptor subunits resulted in significant reduction in their levels of protein expression ( Figure 3A , lanes 2-6) (Motley et al, 2003) .
Correspondingly, knockdown of AP-2 (a or m 2 ) alone resulted in a moderate decrease in CD95L-induced downregulation of surface CD95 ( Figure 3B , panels 2 and 3). Knockdown of both AP-2 (a and m 2 ) subunits or CHC resulted in a greater compromise in CD95 downregulation (panels 4 and 5). Finally, knockdown of both AP-2(a þ m 2 ) and CHC resulted in the greatest inhibition of CD95 downregulation, though the basal level of surface CD95 expression was also decreased (panel 6).
The degree of compromise observed in CD95 downregulation directly correlated with the degree of apoptosis induced by CD95L. Gene knockdown of either AP-2(a þ m 2 ) or CHC resulted in B50-80% decrease in CD95L-induced apoptosis, respectively, and the combination of AP-2(a þ m 2 ) and CHC siRNAs, which demonstrated the greatest inhibition in CD95L-induced CD95 downregulation, resulted in total protection from CD95L-induced apoptosis ( Figure 3C ).
Interestingly, the inducible association of FADD with CD95 was compromised in cells transfected with AP-2(a þ m 2 ) or CHC siRNAs ( Figure 3D , lanes 3 and 4). The lack of FADD association severely reduced the formation of the DISC as neither FADD nor caspase-8 co-immunoprecipitated with CD95 at 5, 15 or 30 min following CD95 activation in cells transfected with CHC siRNAs ( Figure 3E ). These results suggest a role of receptor internalization in assembly of the DISC.
Finally, we analyzed the role of CD95 internalization in CD95L-induced apoptosis with peripheral human T lymphocytes (PBTs). PBTs were activated through CD3/CD28 and then transfected with siRNAs for AP-2(a þ m 2 ) and GFP, the latter of which was utilized to monitor expression. GFP hi cells were purified by cell sorting and analyzed for CD95 internalization and apoptosis. Transfection of AP-2(a þ m 2 ) siRNAs in PBTs resulted in inhibition of CD95 downregulation following CD95L activation ( Figure 3F , left bottom 
Recruitment of DISC components following CD95 internalization
To directly follow the recruitment of DISC components to activated CD95 and to compare receptor signaling between type I and type II cells, we made use of a novel method to isolate receptor-containing internalized vesicles that has been used to detect internalizing TNF receptor and its signaling components (Schneider-Brachert et al, 2004) . In this method, cells were incubated with biotinylated anti-CD95 (anti-APO-1) mAb, followed by addition of streptavidin coupled magnetic nanoparticles. Following internalization, cells were homogenized and magnetic vesicles isolated in a free flow apparatus employing a high-gradient magnetic field. Western blotting of receptor-containing vesicles for endosomal and lysosomal markers was performed to assess the different endocytic maturation stages of receptor-containing vesicles.
Consistent with the ability of CD95 to internalize in type I SKW6.4 cells, Rab4 and EEA-1, markers for endosomal trafficking, were readily detected within CD95-containing vesicles very early after stimulation and peaking at 10 min ( Figure 4A ). Already detectable at 3 min and peaking at 30 min, CD95-containing vesicles also had lysosomal characteristics as evidenced by the appearance of cathepsin D (CatD), suggesting rapid association/fusion of CD95-containing receptosomes with CatD-containing lysosomal compartments. While a low level of FADD was detected in CD95 containing membrane structures at basal levels, its appearance in magnetic vesicles peaked at 30 min. Similar to FADD, caspase-8 and its intermediate cleavage products peaked at 10 min and could be detected as late as 3 h following stimulation (data not shown), and suggested that most of the caspase-8 activation occurred while inside the cells located on endosomal and even lysosomal vesicles. A similar kinetics for association of caspase-10 within the CD95-containing vesicles was also observed.
In contrast to type I SKW6.4 cells, no significant increase in Rab4, EEA-1 or CatD was observed in type II Jurkat cells, suggesting a lack of directional movement of CD95 into endosomal vesicles ( Figure 4B ). Consistent with the delayed and lower amounts of DISC component assembly in type II cells, FADD, caspase-8 and -10 were detected at lower levels and at later time points than in type I cells.
Since differences observed between type I SKW6.4 and II Jurkat cells might be due to the lower levels of CD95 expression on type II cells or limited to only lymphoid cells (Huang et al, 2000) , we analyzed type I ACHN cells that express lower levels of CD95 than type II HCT15 cells . Rab4 was detected within CD95-containing vesicles with maximal association at 5 min in ACHN cells, indicating that receptor internalization had already begun ( Figure 4C ). EEA-1 appeared at 5 min and peaked at 30 min, consistent with maturation to endosomal vesicles. CatD was also detected at 5 min with further increases to 60 min indicative of movement of CD95 and its associated proteins into the lysosomal compartment. Analysis of DISC components revealed that recruitment of FADD, caspase-8 and -10 as well as caspase-8 activation peaked at 30 min, a time point at which most of the receptor had moved into an EEA-1-containing compartment. In contrast to type I ACHN cells, Rab4, EEA-1 and CatD demonstrated minimal increases following stimulation in type II HCT15 cells ( Figure 4D) . Moreover, FADD, caspase-8 and -10 were only weakly detected in CD95-containing membranes at 60 min. Together, these data suggest that in type I cells, both of hematopoietic and nonhematopoietic origin, most of the DISC components were recruited to CD95 after its internalization into endosomal/ lysosomal compartments.
Colocalization of CD95, FADD and active caspase-8 on endosomes following CD95 stimulation
To complement the biochemical studies, we analyzed the subcellular localization of FADD in untreated and CD95L-activated BJAB cells by deconvolution microscopy. For FADD, both nuclear as well as cytoplasmic staining have been described (Perez and White, 1998; Gomez-Angelats and Cidlowski, 2003; Screaton et al, 2003; O'Reilly et al, 2004) . In untreated BJAB and PBTs, FADD was preferentially detected within the nucleus based on its colocalization with DAPI nuclear staining (Supplementary Figure 6A , panels 1 and 4 and data not shown). While there was minimal overlap of staining for EEA-1 with FADD in untreated cells (panel 3), overlap of FADD and EEA-1 was readily detected 5 min following CD95L activation (panel 7). Subcellular fractionation studies confirmed a predominant nuclear localization of FADD in untreated BJAB cells and the nuclear and cytoplasmic distribution in CD95L-treated BJAB cells (Supplementary Figure 6B) . In contrast, confocal and fractionation studies demonstrated no change in the nuclear and cytoplasmic distribution of FADD in untreated and CD95-stimulated Jurkat T cells (Supplementary Figures 6C and D) .
Analysis of CD95 and FADD localization in untreated and CD95-stimulated BJAB cells further supported their colocalization on early endosomes following CD95L engagement. In untreated BJAB cells, CD95 was expressed at the PM and not co-localized with FADD ( Figure 5A , panels 1-3). Within 2 min following CD95L stimulation, CD95 had formed microaggregates at the PM and FADD was readily detected in the cytoplasm (panels 6-8). At 15 min following CD95L engagement, when FADD association with CD95 was maximal in these cells (see Figure 1B ), significant colocalization of CD95 and FADD was detected in a TfR þ early endosomal compartment ( Figure 5A , panels 11-15). Similarly, colocalization of CD95 and activated caspase-8 was readily detected within an EEA-1 þ compartment within 15 min following CD95L engagement ( Figure 5B , panels 4-6, and Figure 5C ) consistent with the analysis of CD95-containing receptosomes (see Figure 4) . The recruitment of DISC components to activated CD95 after internalization appears to be in contradiction to our previous report on a very rapid recruitment of FADD and caspase-8 to activated CD95 (Kischkel et al, 1995) . However, these studies involved detergent lysis of cellular membranes causing destruction of intracellular compartments and did not permit discrimination of recruitment of DISC components to different cellular membranes. Hence, we utilized a biochemical approach that preserved intracellular membrane compartments by analyzing the subcellular localization of CD95 and its associated proteins after separating PM and endosomal membrane fractions. Using BJAB cells, CD95L activation resulted in a time-dependent decrease in the amount of CD95 within the PM fraction that was associated with a concomitant increase of CD95 detected within the endosomal fraction ( Figure 5D) . While a low level of FADD was co-immunoprecipitated with ligand-bound CD95 in untreated BJAB cells, no significant increase in FADD or activated caspase-8 was co-immunoprecipitated with PMassociated CD95 following CD95L engagement. In contrast, increased amounts of FADD and caspase-8 were co-immunoprecipitated with activated CD95 within the endosomal membrane fraction (lanes 5-7), with kinetics consistent with observed internalization of CD95 in these cells.
Mutation of a putative AP-2-binding motif disrupts CD95 internalization and apoptosis
The cytoplasmic domain of CD95 contains a putative proteinsorting motif (Y 291 DTL), consistent with the consensus YXXF AP-2-binding sequence (Ohno et al, 1995) . Similar to the reduction in CD95 internalization in the AP-2 knockdown studies (Figure 3) , internalization of a mutant CD95, in which Tyr 291 was changed to phenylalanine, following anti-CD95 mAb (CH-11) treatment, was diminished as compared to wt CD95 ( Figure 6A) . Concomitantly, the ability of CD95(Y291F) expressing cells to undergo apoptosis following treatment with an anti-CD95 mAb (CH-11) was similarly reduced ( Figure 6B , lower two panels, and Figure 6C ). As this tyrosine residue was localized within the FADD DD, we analyzed the in vitro ability of the DD of FADD to interact with the intracellular domains (ICDs) of wt CD95 or CD95(Y291F). ICDs derived from either wt or Y291F were similarly capable of binding in vitro translated FADD ( Figure 6D ). In contrast, the DD incorporating the mutation found in lpr cg mice did not bind FADD (Martin et al, 1999) . Hence, mutation of Tyr 291 within the consensus AP-2-binding motif of CD95 compromised CD95L-mediated internalization and apoptosis, but not its ability to potentially interact with FADD. Together, our studies utilizing biochemical, genetic and imaging approaches indicate that CD95 internalization is required for efficient DISC assembly and activation of proapoptotic pathways. CD95-mediated signaling independent of CD95 internalization CD95 engagement in CD95-resistant tumor cells or in CD95 apoptosis-sensitive type I tumor cells treated with sCD95L has been demonstrated to activate nonapoptotic signaling pathways, including Erk and NF-kB (Ahn et al, 2001; Qin et al, 2002; Barnhart et al, 2004) . While our data indicated that receptor internalization in type I cells was required for activation of proapoptotic pathways, we examined the requirement of receptor internalization for CD95L-induced nonapoptotic signaling pathways: Erk1/2 phosphorylation and NF-kB transcriptional activation. Cells transfected with control siRNAs and treated with Flag-CD95L demonstrated no significant Erk1/2 activation ( Figure 7A, lanes 1-3) . By contrast, cells transfected with AP-2(a þ m 2 ) or CHC siRNAs showed CD95L-induced Erk1/2 activation (lanes 5-7 and 9-11). BJAB cells transfected with FynC-GFP-INP54p also induced a dose-dependent increase in NF-kB responsive luciferase reporter, while cells transfected with FynC-GFP control had no NF-kB response as all cells had undergone apoptosis following CD95L stimulation ( Figure 7B and data not shown). In both experimental systems, Erk and NF-kB responses remained intact when cells were stimulated through the B-cell antigen receptor or with phorbol 12-myristate 13-acetate (PMA). Crosslinking of the internalization defective CD95(Y291F) mutant also induced Erk activation, even more efficiently than the wt receptor ( Figure 7C ).
Isotype switch variants of the anti-APO-1 mAb have been reported to exhibit markedly distinct cellular activities Oehm et al, 1992) . While the widely used IgG3 anti-APO-1 mAb induced apoptosis of type I SKW6.4 and H9 cells, the IgG2b switch variant of anti-APO-1, with identical specificity and affinity for CD95, does not induce apoptosis ; Supplementary Figure 7A ). Consistent with the ability of the IgG3 backbone to self-aggregate through Fc-Fc interactions to induce cytotoxicity, additional crosslinking of the IgG2b anti-APO-1 mAb with protein A resulted in cellular apoptosis (Supplementary Figure 7A) . While the IgG3 anti-APO-1 mAb rapidly induced capping, clustering and internalization of CD95, the nonapoptotic IgG2b anti-APO-1 mAb was unable to induce capping or internalization of CD95 ( Figures 8A and B) , though the IgG2b anti-APO-1 was able to stain CD95 as small surface structures consistent with the described signaling protein oligomerization structures (SPOTS) Siegel et al, 2004) . Moreover, the IgG3, but not the IgG2b, anti-APO-1 mAb induced DISC formation in type I SKW6.4 and H9 cells ( Figure 8C, lanes 1-8) . Hence, the ability of the anti-APO-1 mAb to induce DISC assembly and apoptosis was associated with the ability of the anti-APO-1 mAb to induce CD95 internalization.
We further analyzed whether CD95 could activate nonapoptotic pathways when stimulated by the IgG2b and IgG3 anti-APO-1 mAbs. MCF7(FV) and MCF7(FB) cells, which have been extensively characterized with respect to induction of nonapoptotic pathways through CD95 and the resulting functional consequences, were chosen for this analysis (Stegh et al, 2002) . Isolation of magnetic internalizing vesicles demonstrated that MCF7(FV) cells activated by the IgG3 anti-APO-1 mAb maximally recruited DISC components, coincident with the presence of endosomal EEA-1 and Rab4 markers (Supplementary Figure 7B) . Similarly, maximal processing of caspase-8 was detected 60 min after CD95 stimulation, again consistent with the requirement of receptor endocytosis for activation of proapoptotic signaling pathways. Consistent with the differential abilities of the two isotype anti-APO-1 mAbs to induce apoptosis in MCF7(FV) cells, the proapoptotic IgG3 anti-APO-1 mAb efficiently induced DISC assembly, while DISC assembly was not detected with the nonapoptotic IgG2b anti-APO-1 mAb ( Figure 8C,  lanes 9-12) . However, treatment of MCF7(FV) with the noninternalizing IgG2b anti-APO-1 mAb induced both NFkB and Erk activation ( Figures 8D and E) . Similar data were observed for ACHN and MCF7(FB) cells treated with the IgG2b anti-APO-1 mAb (data not shown). Finally, we tested the ability of both CD95L and non-apoptotic anti-APO-1 to modulate cellular motility and invasiveness. Both CD95 stimuli enhanced in vitro cellular motility and invasiveness using MCF7(FB) cells ( Figure 8F ). Hence, signaling through noninternalization-inducing stimuli can activate a multitude . A20 cells, transfected with wt CD95 or CD95(Y291F), were incubated with anti-hCD95 mAb (CH11) for the specified times. Cell lysates were analyzed for phospho-Erk1/2 (top) or total Erk1/2 (bottom) expression. Cells were also treated with PMA as a positive control.
of signaling pathways that can contribute to enhanced tumorigenic potential, whereas internalization of CD95 is only required for apoptosis signaling.
Discussion
Receptor internalization is required for CD95L-induced apoptosis in type I cells Formation of the DISC represents a critical step in the initiation of apoptosis induction through CD95 (Cremesti et al, 2001; Grassme et al, 2001; Algeciras-Schimnich et al, 2002) . In this report, we utilized six distinct experimental approaches to demonstrate an unexpected role for receptor endocytosis in DISC assembly and apoptosis in CD95 signal transduction in type I cells. The first strategy involved selective modulation of PIP 2 levels that impaired internalization of CD95. The second strategy utilized siRNAs that target the clathrin endocytic machinery. The third involved the concordance of different switch isotypes of an anti-APO-1 mAb to induce CD95 internalization, DISC formation and apoptosis. The fourth involved a selective internalization mutant in the cytoplasmic domain of CD95. The fifth utilized a novel technique to directly follow internalizing receptosomes containing CD95 and the sixth involved subcellular fractionation studies-all of which demonstrate that DISC assembly occurs predominantly after CD95 has internalized and has entered an early endosomal compartment. Additionally, confocal microscopy of activated cells indicates that 2, 5, 6, 9 and 10) or IgG2b (lanes 3, 4, 7, 8, 11 and 12) anti-APO-1 mAbs. Activated CD95 molecules were immunoprecipitated and analyzed by Western blotting for CD95 (C20), caspase-8 and FADD. CD95 co-localizes with FADD and activated caspase-8 on an EEA-1 þ compartment. While the initiation of DISC assembly may occur prior to and/or independent of receptor internalization, these data support an important role of CD95 internalization for efficient assembly of DISC components, activation of caspase-8 and -3, and induction of cellular apoptosis in type I, but not type II, cells. Hence, CD95 internalization in type I cells plays a requisite positive function rather than an inactivating function that would otherwise be biologically counterproductive for a cell destined for apoptosis.
A recent study has demonstrated that the assembly of activated TNF-R1 complexes with FADD, TRADD and caspase-8 was also dependent on receptor endocytosis (Schneider-Brachert et al, 2004 ). An internalization-deficient TNF receptor, while capable of recruiting RIP1 and TRAF2 at the PM, was unable to initiate DISC formation and induce apoptosis (Schneider-Brachert et al, 2004) . Our study now provides the first evidence for a member of the subgroup of death receptors that directly recruit FADD (which includes CD95, DR4 and DR5), that the spatial and temporal regulation of membrane dynamics and internalization of receptors serves a critical regulatory function in defining cellular fate.
Receptor internalization and membrane-bound CD95L
Our studies also demonstrate a requirement for CD95 internalization in mCD95L-induced apoptosis. The ability of wt mCD95 and the mCD95L(DA4) mutant as well as covalently bound anti-CD95 mAb to induce internalization of CD95 and to activate apoptosis in BJAB and SKW6.4 cells supports the idea that CD95 must undergo some biophysical alteration induced by binding of ligand or agonistic mAbs. Receptor ligation results in the rapid formation of higher-ordered aggregates of CD95 within seconds following receptor crosslinking (Kischkel et al, 1995) . High resolution confocal microscopy and live-cell imaging have recently revealed the formation of higher-ordered CD95 oligomers, termed SPOTS, at the PM following receptor engagement, a process that is dependent upon FADD association, but independent of caspase activation . In addition, biochemical studies have demonstrated that CD95 is further recruited to raft membrane fractions, a process that is independent of its DD and DISC formation, following receptor activation (Eramo et al, 2004) (Figure 9 ). Hence, CD95L engagement induces spatial and conformational alterations in CD95 that permit receptor oligomerization, SPOT formation and localization within lipid rafts. Our studies define an additional requirement for the oligomerized CD95 to induce apoptosis: internalization through a clathrin-mediated pathway and delivery to the early endosomal compartment for efficient DISC assembly and amplification ( Figure 9 ).
Potential role of the endosome in CD95 association with FADD Internalized CD95 within the endosome also appears to provide a localizing signal to concentrate FADD. In the absence of CD95 internalization, FADD remained in a diffuse cytoplasmic pattern and demonstrated substantially decreased localization within the EEA-1 þ early endosomal Figure 9 Model for early CD95 signaling. I, Ligand-independent receptor preassociation. II, Formation of microaggregates that are detected as SDS stable aggregates and low level of DISC formation. It was shown that cells expressing sphingomyelin synthase 1 form SDS stable aggregates more efficiently than SMS-negative cells (Miyaji et al, 2005) , suggesting that ceramide, although not essential for CD95 signaling, is a general enhancer of CD95-mediated apoptosis. III, Recruitment of CD95 into lipid rafts to form SPOTS. IV, Receptor clustering also referred to as capping and formation of large lipid raft platforms. This step depends on generation of active caspase-8 by the DISC and can be efficiently prevented by preincubating cells with either zVAD-fmk or zIETD-fmk. In the absence of internalization, signals from steps 2-4 have the potential to activate nonapoptotic pathways, but are insufficient to kill type I cells. V, Internalization of the activated receptor. VI, Migration of internalized CD95 into an endosomal compartment and further recruitment of DISC components. This step is dependent on actin filaments since it can be inhibited by latrunculin A (LtnA). This step also requires PIP 2 and it is clathrin mediated, since it is inhibited by either overexpression of INP54p or downregulation of CHC or AP-2. In case of mCD95L-induced apoptosis, we postulate a ligand-induced internalization of an activated CD95 complex that no longer contains the ligand. DISC components are FADD/Mort1, caspase-8, caspase-10 and c-FLIP (not shown). Blue domains, DED; red domain, DD; the N-terminal PLAD in CD95 is shown in a different green tone.
compartment (data not shown). Hence, DISC assembly or amplification on endosomes may provide additional temporal and spatial regulation to transport the activated DISC to downstream effectors. The requirement for activation of caspase-8 inside cells is consistent with a previous study that found that active caspase-8 generated at and tethered to the PM does not kill cells (Martin et al, 1998) . Recent evidence for a variety of receptors supports a role for the endosome in the control of signal transduction. In the case of the EGF receptor, Grb2 and activated Ras colocalize not only at the PM, but also on endosomes following EGF stimulation (Di Guglielmo et al, 1994) . In addition, p14 and MP1 members of the protein superfamily of small subcellular adaptor proteins (ProfIAP) are preferentially localized within the late endosome and complex with MEK1/2 to facilitate Erk1/2 activation (Wunderlich et al, 2001; Teis et al, 2002) . Finally, the APPL (Adaptor protein containing PH domain, PTB domain and Leucine zipper motif) Rab5 effector proteins, localized within a subpopulation of endosomes, link EGF and oxidative stress signals with chromatin remodeling and gene transcriptional regulation (Miaczynska et al, 2004a) . In addition to EGFR, targeting of the TNF-R1-associated DISC complex to trans-Golgi vesicles has been recently demonstrated to activate the endolysosomal acidic, but not the PM localized neutral, sphingomyelinase (Schneider-Brachert et al, 2004) . Hence, the endosome localized signaling complex appears to provide a subcellular nidus for signal amplification and routing to appropriate downstream effectors.
Compartmentalization of CD95 signaling is important in defining cellular outcome
Our studies also indicate that alterations in the ability of CD95 to internalize have profound effects in the cellular fate of CD95-activated cells. Cells unable to internalize CD95, through expression of FynC-GFP-INP54p, downmodulation of the clathrin-AP-2/CHC endocytic machinery or through the use of nonapoptotic anti-CD95 mAbs, induce transcriptional activation of NF-kB and activation of Erk1/2 following CD95 engagement. Hence, additional types of signaling likely occur independent of receptor internalization. Activation of nonapoptotic signaling pathways, including MAPK and NF-kB signaling pathways, by CD95L has been suggested to play a role in the tumorigenesis of CD95-resistant tumors (Ahn et al, 2001; Barnhart et al, 2004; Peter et al, 2005) . Indeed, treatment of CD95L-resistant MCF7(FB) cells with anti-APO-1 mAb or soluble CD95L increased tumor cell motility and invasiveness. Hence, the dynamics of CD95 membrane localization and internalization plays a critical role to balance internalization-dependent apoptotic and internalization-independent nonapoptotic pathways to drive cellular apoptosis and other functions, respectively.
The membrane dynamics of TNF-R1 have also been demonstrated to play a critical role in defining the cellular fate of TNFR activation. TNF-R1-induced apoptosis involves sequential signaling complexes. The first involves the assembly of a lipid raft-localized complex involving TNF-R1, TRADD, RIP1 and TRAF2 (complex 1) and mediates NF-kB activation prior to ubiquitinylation and degradation of the TNF-R1 complex (Legler et al, 2003; Micheau and Tschopp, 2003) . Complex 1 undergoes yet-to-be defined modifications such that the DD of TRADD and RIP1, previously bound to TNF-R1, become available to interact with other DD-containing proteins. The recruitment of FADD and caspase-8 to this modified cytoplasmic complex initiates the cellular apoptotic machinery (complex 2) . Complex 2 forms inside cells and does not contain the receptor. Recent studies tracking receptor-containing internalized vesicles, however, demonstrate that the DISC remains bound to the internalized TNF-R1 to form endosomal 'deathsignaling vesicles' (Schneider-Brachert et al, 2004) . For CD95, stimulation by CD95L induces formation of low level of DISC at the cell surface followed by internalization of the entire complex (Figure 9 ). In type I cells, this internalization step triggers recruitment of large amounts of the signaling proteins FADD and caspase-8 to the activated receptor on endosomes executing apoptosis.
Together, our results provide support for the view that the subcellular location of receptor signaling plays important roles in defining cellular fates. In the case of CD95, receptor internalization commits the cell to a proapoptotic outcome by delivering the activated receptor through an endosomal signaling pathway. Conversely, inhibition of receptor internalization enables the activated receptor to engage biochemical pathways that induce prosurvival pathways. These dynamics are not only critical in understanding CD95 biology but also may have important implications in understanding the effects of chemotherapeutic agents that affect receptor trafficking in combination with emerging proapoptotic treatments in cancer therapy.
Materials and methods
Antibodies used in this study are summarized in Supplementary  Table I . Additional reagents are summarized in Supplementary  Table II . Methods for cells, molecular construction of cDNAs, protein expression, immunofluorescence and receptor capping are described in Supplementary Figure 8 . Methodologies for CD95 activation, DISC analysis, membrane fractionation, apoptotic and in vitro invasiveness assays, siRNA preparation and transfections are described in Supplementary Figure 9 .
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Supplementary data are available at The EMBO Journal Online.
